The literature describes several diterpenes from brown seaweeds that act as defensive chemicals against natural enemies, such as competitors, epiphytes, pathogenic bacteria and herbivores. A structure-activity relationship is here presented using a new molecular modeling approach to identify structural and chemical features important to the defensive profile of four structurally related diterpenes (three dolastanes and one seco-dolastane) from Canistrocarpus cervicornis against the feeding process of the omnivorous sea urchin Lytechinus variegatus. Our experimental data revealed the herbivory inhibitory profile (HIE) for three of these evaluated compounds with (4R,7R,14S)-4α,7α-diacetoxy-14-hydroxydolast-1(15),8-diene presenting the highest effect (HIE = 70%). Interestingly, the molecular modeling results infer that this biological activity seems to be related to several different structural features, including HOMO distribution, the molecular structure conformation, and the fulfillment of minimum requirements regarding molecular weight. These results reinforce the hypothesis about the intricate biological mechanism of these molecules due to the complexity of their chemical structures. Our work may help in the understanding of these defensive mechanisms and point to a new perspective of ecological and/or evolutionary evaluation in this area.
The marine environment is known as a rich source of flora and fauna that present a delicate balance in constant evolution [1a] . Marine organisms are rich sources of varied natural products with unique functionality that, among other activities, also help to maintain this species equilibrium [1a] . Brown seaweeds from the family Dictyotaceae are known sources of secondary metabolites [1b] , and more than a hundred diterpenoid compounds from 16 skeletal types have been isolated from species of this family. These compounds present mono-, bi-and tricycles based on the dolastane ring system in their chemical structure. Interestingly, some seco-dolastanes (open C-ring dolastanes) have also been reported [1c-1e].
Several Dictyota species are known to produce a broad-spectrum of chemical compounds. These molecules may act as feeding deterrents against herbivores, among several ecological roles. The dictyols (pachydictyol A, acetate and dictyol H) are structurally similar to diterpenes and represent a unique structural class of prenylated guaiane diterpenes found in several Dictyota species [1f], differing in their effects on consumers [2a,2b] . They may inhibit herbivory by tropical parrotfish species, temperate fish (Lagodon rhomboides and Diplodus holbrooki) and the sea urchin Diadema antillarum. Interestingly, they do not affect the herbivory processes of the sea urchin Arbacia punctulata, the cosmopolitan polychaete Platynereis dumerilii, and the amphipod Parhyale hawaiensis. Besides this specific profile, these metabolites increase the feeding by the amphipod Ampithoe longimana. In the literature there are reports that both acutilol A and the corresponding acetate significantly inhibit feeding by L. rhomboides and A. punctulata. Similarly, dictyol E reduces herbivory in L. rhomboides, D. holbrooki and A. punctulata, but is not an effective defense against A. longimana and P. dumerilii. On the other hand, pachydictyol A, dictyol B, and dictyol H significantly inhibit herbivory by the rabbitfish Siganus doliatus.
Currently, several chemical features of Dictyota compounds, such as their structural conformation, are considered hypothetically important for feeding deterrence. Interestingly, diversity of effects of some compounds on different herbivores is common in both marine and terrestrial environments [2c]. Therefore, a comparative study involving the relationship between structure and biological activity may help in understanding the evolution of these defensive organic chemicals.
Molecular modeling refers to theoretical methods and computational techniques used in the fields of computational chemistry, computational biology and materials science [3] . These methods are used for studying molecular systems ranging from small chemical systems to large biological molecules and material assemblies. Among several purposes, these calculations may help to identify correlations between chemical structures and biological and chemical properties [4, 5] . According to the literature, very few analyses have been addressed to evaluate the structure-activity relationships of defensive chemicals and their consumers [6a-6c], but comparative analyses have been made of feeding deterrence caused by several natural pyrroleimidazole alkaloids and their derivatives from sponges of the genus Agelas [7] . However, to our knowledge, there are no current studies using a molecular modeling approach regarding the efficiency of defensive chemical compounds from the marine environment. Importantly, the use of a molecular modeling approach may help to understand the structural features involved in the specific biological mechanism of the marine species that produce these molecules.
In a previous study, the natural concentration of the major diacetoxy dolastane diterpene found in the seaweed Canistrocarpus cervicornis inhibited the feeding of the sea urchin Lytechinus variegatus [8] . C. cervicornis also produced other structurally related compounds in minor amounts, which may allow the comparative study of these defensive chemicals ( Figure 1 ). The purpose of the present work was to determine the defensive properties of these naturally occurring compounds (1-4) against herbivory, and to analyze the relationship between the defensive profile of each compound and their molecular structure (SAR) using a molecular modeling approach.
The evaluation of the herbivory inhibitory effect (HIE) and consequently the defensive property of the C. cervicornis diterpenes (1-4) against L. variegatus at natural concentration (0.81%) using artificial food wafers showed that compound 1 [(4R, 9S, 14S)-4α-acetoxy-9β,14α-dihydroxydolast-1(15),7-diene] significantly inhibited consumption by L. variegatus when compared with the respective control (HIE = 60%; p = 0.0150; n = 15) ( Figure 2 ). Interestingly, removal of the hydroxyl of the C-ring in compound 2, 4-acetoxy-14-hydroxydolast-1(15),7,9-triene, did not affect its unpalatable profile to the sea urchin species used in this study (HIE = 59%; p = 0.0504; n = 15) ( Figure 2 ). This result suggested that the hydroxyl of the C-ring is not essential for the herbivory inhibitory profile of the compounds studied herein.
The addition of an acetate to the B-ring led to compound 3, the major C. cervicornis dolastane diterpene, (4R,7R,14S)-4α,7α-diacetoxy-14-hydroxydolast-1(15),8-diene ( Figure 1) . Apparently, the acetate in the B-ring slightly increased the herbivory inhibitory effect (HIE = 70%; p = 0.0150; n = 15) ( Figure 2 ). Importantly, the single seco-dolestane diterpene assayed, the open C-ring derivative 4, not only did not inhibit the sea urchin herbivory (HIE = 0%; p = 0.3742; n= 15), but also slightly increased it (~16%) ( Figure 2 ).
The use of a molecular modeling approach to evaluate the structural and electronic features of the current diterpenes that may be related to their defensive effect was initiated by the conformational and structural analyses of all the diterpenes. This study showed that the A-ring orientation is conservedin all molecules, including the most active and inactive compounds (3 and 4, respectively) ( Figure 3 ). This structural feature may indirectly point to the B and C-rings as important for the biological activity, as the defensive profile of these diterpenes was different. The structural alignment of 3 and 4 revealed that the oxygen bridge in the B-ring and the open C-ring of 4 led to a different B-ring conformation, with significant reorientation of the open C-ring portion ( Figure 3 ). All these structural features may affect the interaction with the sea urchin target leading to different defensive profiles, such as observed for 3 and 4.
According to the literature, the frontier orbitals (HOMO and LUMO) may react with the molecular target of an affected system (i.e. the sea urchin feeding process) and their evaluation may point to important requirements for the biological mechanism analyzed [5, 9, 10] . The theoretical evaluation of the HOMO and LUMO distribution of these compounds, revealed two main patterns that are apparently related to the biological activity ( Figure 3 ). Interestingly, different from the LUMO analysis that showed no direct correlation with the defensive profile (not shown), the analysis of the coefficient of HOMO distribution revealed only the inactive compound (4) with HOMO concentrated over the ethylene moiety (A-ring) ( Figure 3 ). In contrast, the compounds that presented the defensive profile (1-3) showed the HOMO distributed mainly on the B and C rings, which reinforced these regions as important for the biological activity (HIE) and probably for the interaction with the molecular target ( Figure 3 ). In addition, the conformation, volume and electrostatic potential map (MEP) analyses of the compounds showed that the oxygen of 1 C-ring hydroxyl and that of 3 B-ring acetate presented different orientations in these molecules (Figure 3 ). The MEP also revealed that the charge distribution of the active diterpenes (1-3) is also different from that of 4 ( Figure 3 ). Therefore, these structural features (i.e. orientation and charge distribution) might modulate the herbivory inhibitory profile by contributing either to their interaction with the target (1-3) or significantly compromising it (4). The hydrogen atoms were omitted from the more stable conformation and HOMO coefficient distribution for a better view. (Table 1) . Based on these analyses, apparently the location of the HOMO and LUMO is more important for HIE than the energy within. The only exception among the descriptors tested was the dipole moment that is related to the molecular geometry of the molecule, which showed a higher value than compound 4, suggesting that its different geometry is possibly involved in the lack of activity (1-3 = 0.76-2.37debye, 4 = 4.7 debye) ( Table 1 ).
The analysis of the hydrogen bond acceptors (HBA) and donors (HBD) of these diterpenes revealed that, despite presenting the same numbers of HBA and HBD, compounds 1 and 4 (HBA=4, HBD=2) showed totally different biological results (not shown). Thus these data infer that the current numbers of these chemical groups are not crucial for the herbivory inhibitory effect observed in this study.
Currently there are molecular modeling programs to predict the theoretical toxicity profile of compounds against different human systems [10, 11] . To verify a feasible toxic profile of these compounds in a terrestrial environment using the human systems as the model, we submitted them to an in silico toxicity evaluation using the OSIRIS program (Table 1) . Interestingly, our results showed that all but 1 presented an irritant toxicity risk (Table 1) . On the other hand, no compound theoretically presented a mutagenic, tumor promoting or reproductive effects toxicity profile, according to the theoretical analyses performed herein (Table 1) . It is important to notice that the toxicity predicted herein neither is a fully reliable toxicity prediction, nor guarantees that these compounds are completely free of any toxic effect.
However, it opens the discussion about different mechanisms for the defensive profile of these types of molecules in marine and terrestrial environments.
Overall, the isolation, and the biological and theoretical characterization of four diterpenes from C. cervicornis performed in this work revealed the inhibitory effect of three of the four evaluated compounds against the feeding process of the sea urchin L. variegatus. The major C. cervicornis dolastane diterpene, (4R,7R,14S)-4α,7α-diacetoxy-14-hydroxydolast-1(15),8-diene, presented the highest herbivory inhibitory effect, as would be expected in a biological perspective, since it is the most abundant compound in this species. The molecular modeling results inferred that the herbivory inhibitory profile observed in this work seemed to be more related to the molecule structural conformation, and HOMO and electrostatic potential distributions. These data reinforce the hypothesis about the intricate biological mechanism of these molecules due to their chemical complexity. Our work points to the use of the molecular modeling approach as a new perspective for analyzing the structures of these compounds and correlating them to ecological and/evolutionary aspects of the defensive chemistry not only for Dictyotaceae seaweeds but also to other marine organisms.
Experimental
Algal collection: Specimens of C. cervicornis (Dictyotaceae, Ochrophyta) were collected at Ribeira Bay, Angra dos Reis City, Rio de Janeiro State (23:00:34 S, 44:26:10 W), Brazil, in August 2004, at depths between 1 and 4 m. After collection, the algal material was immediately cleaned from epiphytic organisms and air-dried. Voucher specimens were deposited in the Herbarium of the Universidade do Estado do Rio de Janeiro, Brazil (HRJ 10772).
Compound isolation:
The air-dried algal material (about 900 g) was extracted in CH 2 Cl 2 at room temperature for 28 days. After removal of the solvent, the extract yield was 44 g (DCE). After silica gel chromatography, it furnished the compounds 1-4. Compounds 1 and 3: Initially, the DCE extract (44.0 g) was subjected to silica gel "filtering-flash" column chromatography (7 x 10 cm), eluting with n-hexane, CHCl 3 , EtOAc, Me 2 CO and MeOH to give 5 fractions each of 500 mL (F 1 to F 5 ), monitored by thin layer chromatography (TLC) (stationary phase: silica gel GF254 -Merck; mobile phase: CH 2 Cl 2 /EtOAc, 8:2). Diterpenes were detected as pink and brown spots on TLC plates after sprayed with 2% ceric sulfate in sulfuric acid, followed by heating at 100ºC for 3 min. The fraction eluted with CHCl 3 (F 2 , 12.8 g) contained a mixture of various diterpenes. An aliquot (7.5 g) of this fraction, submitted to silica gel 60 column chromatography (3 x 40 cm), eluted with n-hexane/EtOAc (9:1), furnished 72 fractions each of 30 mL (F 1 to F 72 ). Fractions F 17 to F 57 were combined, yielding a brownish residue (1.8 g), which was subjected to silica gel column chromatography (2 x 34 cm), and eluted with n-hexane/EtOAc 3:1, to give 63 fractions (F 1 to F 63 , 10 mL). Fractions F 12 to F 27 (1.0 g) afforded a mixture of crude compounds 1 and 3, which were purified by silica gel column chromatography (1 x 30 cm) by elution with n-hexane/EtOAc 3:1 to give 80 fractions (F 1 to F 80 , 7 mL). Fractions F 8 to F 37 afforded pure compound 1 (450.0 mg, colorless gum). Fractions F 38 to F 73 (520.0 mg) were combined and subjected to silica gel column chromatography (1 x 30 cm), eluting with CH 2 Cl 2 /EtOAc (95:5) to give 38 fractions (F 1 to F 38 , 5 mL each). Fractions F 4 to F 10 afforded pure compound 1 (430.0 mg, yellowish gum).
Compound 2: The fraction eluted with n-hexane (F1, 0.5 g) from the first flash chromatography column was applied to a 70-230 mesh silica gel column (30 x 3 cm) and eluted with n-hexane and n-hexane/CH 2 Cl 2 (1:1), to give 22 fractions (F 1 to F 22 , 8 mL each). Fractions F 13 to F 17 were combined to produce a brownish residue (80.0 mg) that was subjected to three silica gel chromatography columns -the first (20 x 1 cm) was eluted with n-hexane/CH 2 Cl 2 (1:1), to give 18 fractions (F 1 to F 18 , 3 mL each one). Fractions F 7 to F 11 were combined (50.0 mg) and applied to a second silica gel chromatography column (20 x 1 cm), using the same mobile phase, to give 6 fractions (F 1 to F 6 , 6 mL each). Fractions F 4 to F 5 were combined (29.0 mg) and subjected to a third silica gel chromatography column (3 x 2 cm) to give pure 2 (18.1 mg, yellowish gum).
Compound 4: The fraction eluted with AcOEt (F 2 , 23.0 g) from the first flash chromatography column, when subjected to TLC and 1 H NMR analyses, showed the presence of a seco-dolastane diterpene. Part of this fraction (5.0 g) was subjected to silica gel column chromatography (4 x 28 cm), eluting with CHCl 3 , CHCl 3 /EtOAc 95:5, increasing by 5% polarity until 100% AcOEt, to give 143 fractions (F 1 to F 143 , 20 mL each). Fractions F 98 to F 117 were combined to produce a brownish residue (0.5 g) that was subjected to silica gel column chromatography (3 x 15 cm), by elution with CH 2 Cl 2 /EtOAc 7:3, to give 75 fractions (F 1 to F 75 , 7 mL each). Fractions F 26 to F 27 afforded pure 4 (25 mg, yellowish gum).
Spectroscopy data:
The physical and spectroscopic properties of the four compounds isolated, (4R, 9S, 14S)-4α-acetoxy-9β,14α-dihydroxydolast-1(15),7diene (1) (430.0 mg, yellowish gum), 4-acetoxy-14hydroxydolast-1(15), 7,9-triene (2) (18.1 mg, yellowish gum), (4R,7R,14S)-4α,7α-diacetoxy-14hydroxydolast-1(15),8-diene (3) (450.0 mg, colorless gum) and isolinearol (4) (25 mg, yellowish gum) were identical with previously reported data [1d,12] .
Quantification of the major compound:
The concentration of the major diterpene in the dry seaweed was determined using a 1 H NMR analysis [8] .
Herbivory inhibitory effect (HIE) determined by feeding deterrent assay:
The defensive property of the chemicals found in C. cervicornis was evaluated using artificial food wafers prepared with the freezedried green alga Ulva fasciata and agar [13a] . The controls were prepared by adding 0.90 g of agar to 20.0 mL of distilled water, and warming in a microwave oven until agar liquefaction. To this mixture was added 16.0 mL of cold water containing 2.0 g of freeze-dried U. fasciata powder. The treatments (each containing one pure compound) were prepared by similar procedures, but the chemicals were previously dissolved in CH 2 Cl 2 and further incorporated into 2.0 g of freeze-dried U. fasciata powder. The organic solvent was then removed by rotatory evaporation in order to obtain a uniform coating of the products on the algal particles before the agar addition.
Controls and treatments were allowed to harden in mould screens and were then cut into small pieces (10 x 10 squares, 1.5 mm thick). These food wafers were then simultaneously offered to the herbivores, L. variegatus. The feeding deterrent assays were carried out in a 500 L aquarium with circulating seawater. The sea urchins were separately conditioned in small plastic containers each of 0.5 L, but together with control and treated food wafers. The assays were monitored every 12 h, in which a clear feeding preference by control or treatment was observed. The defensive property of the pure compounds was estimated by comparing the number of squares consumed in the experimental control with that of the treated food wafers in each assay. The results represented as herbivory (%) were the mean of the artificial food eaten by the L. variegatus.
